Whether or not a chemical reaction in a fluid leads to an explosion is shown to depend on four timescales: that for the chemical reaction to heat up the fluid containing the reactants and products, for heat conduction out of the reactor, for natural convection in the fluid, and finally for chemical reaction. This approach is developed for an irreversible, n-th order chemical reaction, A → B occurring exothermically in a closed spherical vessel, whose wall is held at a fixed temperature. These four timescales are expressed in terms of the physical and chemical parameters of the system. A new three-dimensional regime diagram is proposed, in which the three effects inhibiting explosion, viz. the consumption of reactant, and heat removal both by thermal conduction and by natural convection, appear separately. Numerical simulations are performed for laminar natural convection occurring, so that the development of temperature, composition and velocity throughout a reacting gas is computed for increasing times. The results are compared with previous experimental measurements in the gas phase for the decomposition of azomethane. The criterion for an explosion is considered in some detail; it appears that these systems explode if and when the maximum dimensionless rise in temperature exceeds a value close to 5.
Introduction
An exothermic chemical reaction proceeding in a gas contained in, say, a spherical vessel can end in an explosion; this is because the release of enthalpy results in the temperature of the reacting mixture increasing, with the consequence that the rates of both reaction and the production of heat continue to grow. However, an explosion is inhibited by heat being conducted to the walls of the containing vessel. Sometimes this loss of heat is augmented considerably by natural convection occurring in the reacting gas. The original works of Semenov [1] and Frank-Kamenetskii [2] considered, respectively, the two cases, in which: (a) convection is so vigorous that the temperature in the vessel is uniform; and (b) the transport of heat occurs by conduction only. For wellmixed systems, the reacting gas explodes when the Semenov number is greater than a critical value  cr . This critical value depends on the geometry of the system and has been calculated numerically for reactions without consumption of reactant [2] as 3.32 for a sphere, 2.0 for a cylinder and 0.88 for parallel plates; we note that these results are independent of the order of the reaction provided there is no consumption of reactant. However, in most reacting systems heat loss occurs due to the combined effects of natural convection and heat conduction. Recently, Liu et al. [3] proposed that in such systems the occurrence or not of an explosion depends on the relative magnitudes of three timescales: that for chemical reaction to heat up the fluid to ignition, the timescale for thermal conduction and that for natural convection. They summarized their results in a new two-dimensional regime diagram, in which Frank-Kamenetskii's purely conductive system and Semenov's well-mixed system appear as two limiting cases, represented by the two axes. The plane in between the two axes contains all the systems with different relative magnitudes of heat loss by conduction and by natural convection. This approach has the advantage of quantifying separately the stabilising effects of conduction and natural convection on an explosion.
Systems neglecting the consumption of reactant have been widely studied [1] [2] [3] [4] [5] [6] [7] . However, in addition to heat loss by conduction and convection, an explosion is inhibited by a drop in the rate of reaction, because one or more of the reactants inevitably disappears. The present work extends the original ideas of Liu et al. [3] to explore how the consumption of reactant alters the onset of a thermal explosion. We investigate whether the effect of the consumption of reactant can be accounted for by the ratio of the magnitudes of the timescale for the exothermic reaction to heat up the fluid to the ignition temperature and the characteristic timescale for chemical reaction. If this turns out to be the case, whether or not an exothermic chemical reaction leads to an explosion is determined entirely by four timescales, viz., those for heating up the system by the particular exothermic reaction, for cooling by thermal conduction, for natural convection and, finally, for the disappearance of reactant. This approach separates the three stabilising effects, i.e. of thermal conduction, natural convection and reactant being consumed. The theoretical and numerical work below considers an n-th order exothermic reaction in a gas or liquid contained in a spherical vessel with a constant wall temperature, when the consumption of the reactant is important. For a spherical vessel, natural convection has been shown [8, 9 ] to become significant above Ra ~ 500.
Theoretical analysis
The reaction considered here is of n-th order and has the simplest mechanism of A → B. Thus, a pure gaseous or liquid reactant undergoes an exothermic isomerisation inside a closed spherical vessel. The initial pressure and concentration of the reactant A, are p 0 and c 0 , respectively. The initial temperature of both the fluid and wall of the vessel is T 0 . The radius of the vessel, L, is taken to be the characteristic length scale of the system. Following the approach first proposed by Cardoso et al. [10, 11] , Liu et al. [3] have recently derived the fundamental equations describing this system, namely those for the conservation of reactant A, energy, momentum and mass. Using the Boussinesq approximation, these can be written [3] in non-dimensional form as:
where the concentration of reactant, the temperature, velocity, pressure, spatial position and time have been non-dimensionalised according to:
The scale for the velocity due to natural convection [3] is:
Here,  is the coefficient of thermal expansion, R is the universal gas constant and E is the activation energy. 
is the commonly used dimensionless adiabatic temperature rise, defined as
The boundary and initial conditions for Eqs (1) -(4) are as follows. Initially, the temperature and concentration of A in the reactor are spatially uniform at T 0 and c 0 , respectively; also, the fluid is assumed to be at first motionless. The temperature of the wall is always held constant at T 0 , so that heat is removed via the wall. The fluid velocity and the flux of chemical species are both always zero at the wall; this means that the effects of any heterogeneous reaction at the wall are ignored. These conditions can thus be stated nondimensionally as:
T ' = 0 ; c' = 1 ; u' = 0 at t' = 0,
where n is a unit vector normal to the surface of the vessel and r' denotes the dimensionless radial position.
Eqs. (1) - (4) and (9) - (10) show that there are eight dimensionless groups determining the evolution of the dimensionless concentration, temperature and velocity in the vessel; they are:
For a specified reaction and initial temperature, T 0 , the groups  ,  , n, Pr and Le are fixed. Therefore the behaviour of the system is determined simply by the three ratios
. This important conclusion is exploited below.
Regime diagram for explosion
It has just been demonstrated that the behaviour of the system can be depicted on a three-dimensional regime diagram, as sketched in Fig. 1 , where the three ratios of timescales (11 
Systems with negligible consumption of reactant
The plane defined by the axes   Liu et al. [3] , who demonstrated that the conditions for neglecting the consumption of reactant are  
. Also, it should be recalled [10, 11] that the relative importance of thermal conduction and natural convection in a system in Fig. 2 is indicated by the Rayleigh number:
Thus, for a fixed
= 0 has a slope of (RaPr). Such a straight line is accordingly the locus of constant Ra. When Ra < 500, heat transfer in the fluid is controlled by conduction [8, 9] . In the range 500 < Ra < 10 6 , laminar convection dominates heat transfer. For Ra > 10 6 , the flow is turbulent [10, 19] .
Importantly, the timescales defined in (7a -d) can be expressed in terms of the Frank-Kamenetskii and Rayleigh numbers as: is approximately 20% smaller than in Frank-Kamenetskii's conductive limit and transport of heat by convection has become significant. For Ra in the range 500 < Ra < 10 6 , Liu et al. [3] conducted numerical simulations and identified the transition between stable and explosive behaviour; this explosion boundary is shown in Fig 2. When Ra > 10 6 , natural convection is vigorous and turbulent [19, 20] ; then the system approximates to the well-mixed (Semenov) case [1] . However, conduction of heat still plays a role in the thin thermal boundary layer adjacent to the reactor wall. Liu et al. [3] derived an expression for the transition from an explosion to non-explosive reaction in this turbulent region, which is shown as the dotted line in Fig. 2 . In for  = 0.027, Pr = Le = 1 and  = 1.018. We note here that the order of the reaction and the values of  and  in these simulations have been chosen to represent the thermal decomposition of azomethane [21] for which experimental results will be presented in section 5.
Systems with consumption of reactant
In Fig. 1 , the vertical plane defined by the axes  
contains purely conductive systems with depletion of reactant, but without natural convection. Systems on this plane have been studied before [22] [23] [24] [25] [26] . Fig. 3 presents this plane, but for a first-order reaction only. The analytical predictions of the explosion boundary by Thomas [22] and Boddington et al. [27] , as well as the numerical results of Adler and Enig [23] and Tyler and Wesley [25] , are shown. Also presented are the experimental observations of Griffiths and Mullins [26] for the decomposition of di-t-butyl peroxide in the gas phase. The analytical results of Thomas [22] are approximate, because the spatial temperature distribution was described by only the maximum temperature at the centre of the vessel and an effective heat transfer coefficient. In addition, the conservation equation for the reactant was solved by neglecting the effect of temperature on the reaction rate. Solutions to these approximate equations were obtained in the limit of a large adiabatic temperature rise. Boddington et al. [27] carried out an elegant asymptotic analysis, in which the spatial distributions of the temperature and concentration were taken into account. Their calculations also assumed a large adiabatic temperature rise; their solution shown in Fig. 3 is for an infinite Biot number, i.e. for the external resistance to heat transfer being negligible. For the numerical results of Adler and Enig [23] the fluid's temperature distribution was approximated in a similar way to that by Thomas [22] . Tyler and Wesley [25] conducted a full numerical simulation of the conservation equations for energy and chemical species for the decomposition of azomethane, which they assumed to be first order. Their results are fairly close to those of Thomas [22] In order to understand the behaviour of the system on a horizontal plane of the regime diagram in Fig. 1 defined by the axes  
, numerical simulations were carried out. These are described next.
Numerical method
In (4) and (9) - (10) were solved numerically for a spherical reactor using the partial differential equation solver Fastflo [28] , which uses the finite element method. The algorithm used was the same as described before [10] . The reaction analysed was the thermal decomposition of pure azomethane.
The following parameters were chosen to match those used in previous experimental work by Archer [21] .
Thus the radius of the vessel was L = 0.064 m, the temperature of the wall was constant at T 0 = 636. , implying that the diffusivities for the transfer of heat, momentum and chemical species are equal. This is approximately true for gases, but not for liquids, for which Pr is significantly larger than unity.
5.
Results and Discussion . In Fig. 4c(iii) , the speed of the flow shows a few cyclic fluctuations with decreasing amplitudes, before damping out after t' ~ 45. These fluctuations coincide with the those in temperature shown in Fig. 4a(iii) , suggesting that these fluctuating temperatures are due to the unstable flow field. However, as the fluid flow progressively stabilises, the temperature reaches its pseudo-steady value (t' ~ 45) more smoothly. This is because whilst the reaction proceeds, the consumption of reactant reduces the generation of heat, slows the rate of increase in temperature and so provides a weaker driving force for natural convection. Consequently the fluctuations are gradually weakened and eventually die out. Similar phenomena can be observed in Fig. 4c (iv) and its corresponding plot of temperature (Fig. 4a(iv) ), for near the top of the vessel. We note that similar fluctuations have been observed in the experiments by Archer involving the thermal decomposition of azomethane [21] and have also been recorded during the heating of an inert system [29] . on the equator) at t' ~ 13.3; then the ratio of the speed at the centre to that near the wall is ~ 0.89, which is the closest to unity throughout the entire reaction. Significant fluid motion appears after t' ~ 7.5 and by the time t' ~ 15.8 the flow field has in effect developed fully, when appreciable gradients in the temperature appear in the bulk of the vessel. Whilst changes in the speed of the flow become very small, the ratio of the speed at the centre to that at 0.1 L away from the wall on the equator is maintained at ~ 0.5; during this time the temperature gradients continue to build up in the top half of the vessel. The fluid in the blue region between the upwards flow at the centre and the downwards flow at the wall is almost stagnant, corresponding to the eye of a vortex, symmetric around the vertical axis.
Evolution of axial temperature and concentration

Figs. 4a(i) -(iv) plot the evolution (in dimensionless time
Evolution of the fields for temperature, concentration, flow and speed
Criterion for an explosion
In the cases described above, a fairly clear distinction could usually be drawn between explosive and non-explosive cases. However, for the purposes of locating a region in Fig. 1 where explosions occur, a clear quantitative criterion for an explosion is necessary. For a system with no consumption of reactant, an explosion can be straightforwardly identified by the disappearance of a steady state. Such an analysis was used by FrankKamenetskii [2] to define  cr . He also showed [2] that for a zeroth-order reaction (or no loss of reactant) with only thermal conduction in a spherical reactor, the system explodes if T' exceeds 1.6. Otherwise, when the consumption of reactant is considered, the definition of an explosion used by Frank-Kamenetskii ceases to be appropriate, because the temperature rise will always remain bounded. Many different approaches to defining explosions have been adopted for such cases. Rice et al. [30] carried out numerical studies of a well-mixed reactor and defined explosive conditions as those where an upward inflection in the plots of T versus t is observed. The ignition delay for a first-order reaction was arbitrarily defined as the time taken for the temperature to rise to the critical value of ' T = 2. Such a critical value of T' is consistent with FrankKamenetskii's expression [31] for the maximum rise in temperature in a stable, well-mixed system; it has also been used subsequently by others [22, 32] as a general criterion for a first-order reaction leading to an explosion, when the reactant disappears to a significant extent.
The effect of the loss of reactant on criticality has been investigated in other ways. Thus FrankKamenetskii [31] employed an asymptotic analysis to develop an analytical expression incorporating the consumption of reactant in a well-mixed reactor. He did not explicitly state a criterion for explosion, but instead expanded the expression for  cr to include the effects of the consumption of reactant on the explosion limits.
This study was the first to highlight the important roles of ' ad T (i.e. R H   / ) and n. Thomas [22] performed a similar analysis and showed that the effect of reactant being consumed on criticality was approximately twice that derived by Frank-Kamenetskii [31] . This apparent discrepancy was explained by Gray and Lee [33] , who identified an inconsistency in Frank-Kamenetskii's original analysis [31] . Gray and Lee [33] also demonstrated that Frank-Kamenetskii's corrected result was consistent with Thomas's [22] . , such that Ra < 500, convection is weak. Thus, when Ra < 500, the system behaves like that in the purely conductive regime with consumption of the reactant. This results in the explosion boundaries in Fig. 7 being horizontal for small Ra. 
6.
Conclusions
The effects of natural convection and the consumption of reactant on the explosive behaviour of an exothermic reaction, occurring inside a closed spherical vessel, have been studied with numerical simulations.
It has been established that the fairly sudden transition from a relatively slow, stable reaction to a rapid, selfaccelerating explosion depends on the relative magnitudes of four timescales: that to heat up the fluid by s T  , that for natural convection, that for the conduction of heat out of the vessel and finally for chemical reaction.
The main advantage of this new approach is that it separates completely the three effects inhibiting an explosion, namely thermal conduction, natural convection and the consumption of reactant. This means that whether a reaction in a closed vessel is stable or explosive can be described in a simple and intuitive manner on a three-dimensional regime diagram. T exceeds a value of ~ 5.
